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There is much current interest in understanding the roles of redox-inactivem etal ions in modulating reactivities of metaloxygen intermediatesi ne nzymatic and biomimetic reactions. For example,aredox-inactiveC a 2 + ion is required to produce O 2 at the oxygen-evolving complex (OEC) of photosystem II (PSII). [1] [2] [3] In the reactions of high-valent metal-oxo complexes, the stabilities and reactivities of iron(IV)-, manganese(IV or V)-, and cobalt(IV)-oxo complexes are markedly affectedb yb inding redox-inactivem etal ions (e.g.,S c 3 + ion). [4] [5] [6] In O 2 -activation reactions, Borovik andc o-workersd emonstratedt hat the redox-inactivem etal ions acceleratet he reduction of O 2 by iron(II) and manganese(II) complexes. [7] Very recently,n onheme iron(III)-peroxo complexes binding (1), [8] with various redox-inactive metal ions. [9, 10] The Lewis acidity of the redox-inactivem etal ions was shownt ob ean important factor that determines the redox potentials and reactivities of 1-M n + with electron donors and acceptors.
[9b] For example, as the Lewis acidity of the redox-inactive metal ions increased, the one-electrono xidation and reductionp otentials of 1-M n + becamem ore positive. Further, the 1-M n + complexes bindingC a 2 + and Sr 2 + ions showed similar redox potentials and reactivities in the one-electron oxidation and reduction reactions. Furthermore, the 1-M n + complexesb inding Ca 2 + and Sr 2 + ions were oxidized by an oxidant [e.g.,cerium(IV) ammoniumnitrate (CAN)] to release O 2 ,whereas no releaseo fO 2 occurred forc omplexes bindings tronger Lewis acids (1-M n + ;M n + = Zn 2 + ,Lu 3 + ,Y 3 + ,and Sc 3 + ).
[9b]
Water molecules at the actives ites of metalloenzymes play av ital role in shaping their structuresa nd functions. [11] Recently,t he crystal structure of the OEC in PSII shows the presence of water molecules near the Ca 2 + ion in the OEC. [1f] In addition, it has been shown that the Lewisa cidity of redox-inactive metali ons decreasesb yc oordinating water molecules. [12] Therefore, we were curiousa bout the effect of water molecules on the redox properties of metal- (1). [8, 9b] Upon addition of H 2 O( 0-2.8 m)t oas olutiono f1-Zn 2 + in CH 3 CN (MeCN) at 273 K, the absorptionb and at 650 nm for 1-Zn 2 + was red-shifted to 760 nm with ac lean isosbestic point at 765 nm, andt he shift of the absorption band was found to depend on the amounto fH 2 Oa dded ( Figure 2a ). The spectral change of 1-Zn 2 + exhibits as igmoidal curvature ( Figure 2b ), suggesting that more than one H 2 Om olecule is coordinated to 1-Zn 2 + .T he observation of the clean isosbestic point indicates that there is an equilibrium between 1-Zn 2 + and 1-Zn 2 + binding water molecules. In such ac ase, the absorption change (DA)a t6 50 nm due to the formation of 1-Zn 2 + species binding H 2 Oi sg iven by Equation (1),
where DA 0 is the final absorption change, n is the number of H 2 Om olecules coordinated to Zn 2 + ion, and K is the formation constant. The number of H 2 Om olecules bound and the formation constant were determined to be 2a nd 1. Figure 1f or DFT-optimized structure;E xperimental Section for DFT calculations and Ta bles S1-S3 in the Supporting Information). In the case of the 1-Ca 2 + complex, as imilar trend of redshift of absorption band was observed( see Figure S2 in The EPR spectrum of 1-Zn 2 + -(OH 2 ) 2 exhibits signals at g = 9.4 and 4.3 (see Figure S5 in the Supporting Information), whichi s indicative of high-spin (S = 5/2) Fe III species. It is worth noting that the EPR feature of 1-Zn 2 + -(OH 2 ) 2 is completely different from those of 1 [8] and 1-Zn 2 + [9b] but similar to that of 1-Sr 2 + (see Figure S5 in the Supporting Information). The binding of Zn 2 + ion to 1 in the absence and presence of H 2 Om olecules was also confirmed by recording ac oldsprayi onization timeof-flight mass (CSI-TOF MS) spectrum of 1-Zn 2 + (see Figure S6 in the Supporting Information). However,H 2 Om olecules in the 1-Zn 2 + -(OH 2 ) 2 speciesw ere not detected under the CSI-TOF MS conditions.
It has been shown that the Lewis acidity of metal ions can be quantitatively determined from the g zz values of EPR spectra of O 2 C À -metal ion complexes, [13] since the g zz values decrease with the increase of the Lewisa cidity of metal ions according to Equation (2), www.chemeurj.org
where g e (= 2.0023)i st he g value of free spin, l (= 0.014 eV) is the spin-orbit coupling constant of oxygen, and DE is the energy splitting value of the p g orbitald ue to the binding of metal ions to O 2 C À ,w hich can be used as aq uantitative measure of the Lewis acidity of metal ions. [13, 14] The Lewis acidity of the Zn 2 + ion in the presence of 1.4 m of H 2 Ow as determined to be (0.57 AE 0.01) eV from the DE value (see Figure S7 in the Supporting Information), [9b, 13] which is between the DE value of the Ca 2 + ion (0.58 eV) and the Sr 2 + ion (0.53 eV;v ide infra). We thus conclude that the Lewis acidity of the Zn 2 + ion in 1-Zn 2 + decreases by coordinating water molecules (Scheme 1, note 1) andt hat the Lewis acidity of Zn 2 + in 1-Zn 2 + -(OH 2 ) 2 is similar to those of metal ions in 1-Ca 2 + and 1-Sr 2 + ;t he Lewis acidities of the metal ions in the latter species are shown to be similar.
[9b] The decreaseo fL ewis acidity of metal ion upon addition of water was also confirmed by the fluorescencespectral change of the acridone/Zn 2 + complex (see Figures S8-S10 in the Supporting Information). The fluorescencem aximum of the acridone/Zn 2 + complex is blue-shifted with increasing concentration of water to that of the acridone/Zn 2 + -(OH 2 ) 2 complex, which is similart ot hat of the acridone-Sr 2 + complex (see Figure S9 in the Supporting Information). In addition, the fluorescencem aximum did not return back to that of free acridone, being consistent with the result of UV/Vis titration (see Figure 2) .
We then investigated the electrochemical oxidation of 1-Zn 2 + by varying the amounts of H 2 Oa dded to the solution of 1-Zn 2 + ( Figure 3a) . As showni nt he cyclic voltammogram of 1-Zn 2 + in the one-electron oxidation process (black line), no oxidation peak was observed up to 1.7 Vv ersusS CE.
[9b] In the presence of 0.28 m of H 2 O, however,t he anodic current peak (E pa )d ue to the oxidationo f1-Zn 2 + was observed at 1.45 V versus SCE (pink line in Figure 3a) . No corresponding cathodic current peak (E pc )w as observed at the reverse scan due to the releaseo fO 2 upon the one-electrono xidation.
[9b] In the presence of 0.70 m of H 2 O, the E pa value of 1-Zn 2 + was significantly shifted to the negative direction (blue line in Figure 3a ; E pa = 1.06 Vv s. SCE). The E pa value was furthers hifted to the negative direction upon addition of 1.4 and 2.8 m of H 2 O( red and green lines in Figure 3a ; E pa = 0.95 and 0.93 Vv s. SCE), and these values are nearly the same as those of 1-Ca 2 + (E pa = 0.96 Vv s. SCE) and 1-Sr 2 + (E pa = 0.94 Vv s. SCE).
[9b] In the presence of > 2.8 m of H 2 O, no furthershift of the E pa value was observed.
In the case of the one-electron reduction process of 1-Zn 2 + , the cathodic current peak (E pc )d ue to the reduction of 1-Zn 2 + was observed at À0.16 Vv ersus SCE in the absence of H 2 O (Figure 3b,b lack line) , [9b] but no corresponding anodic current peak (E pa )w as observed at the reverses can due to the OÀO bond cleavage of the one-electron reduced species, which resulted in the formation of the corresponding iron(IV)-oxo species, [(TMC)Fe
IV (O)]
2 + (2). [9, 10] In the presence of 0.70 m of H 2 O, the E pc value was shifted to the negative direction (blue line in Figure 3b ; E pc = À0.31 Vvs. SCE). The E pc valuesi nthe presence of 1.4 and 2.8 m of H 2 O( E pc = À0.38 Vv s. SCE) were further shifted to the negative direction (red line in Figure 3b and Figure S11i nt he SupportingI nformationf or 1.4 and 2.8 m of H 2 O, respectively). These resultsc learly indicate that the one-electron oxidation and reduction potentials of 1-Zn 2 + decrease as the amounto fa dded H 2 Oi ncreases (Scheme 1, note 2). Moreover,t he oxidation and reduction potentials of 1-Zn 2 + -(OH 2 ) 2 are similart othose of 1-Ca 2 + and 1-Sr 2 + .
The electron-transfer oxidation of 1-Zn 2 + in the absence and presence of H 2 Ow as examined by using CAN as an oxidant. Additiono fo ne equivalent of CAN to the solution of 1-Zn 2 + resulted in the immediate disappearance of the absorption band at 650 nm due to 1-Zn 2 + with the concomitanta ppearance of the absorption band at 585 nm (see Figure S12 in the Supporting Information). In this reaction, no release of O 2 was detectedb yG Ca nd mass spectrometry,a sr eported previously in the reactions of 1-M n + (M n + = Zn 2 + ,L u 3 + ,Y 3 + ,a nd Sc 3 + ) with CAN.
[9b] We may assign the new species with an absorption band at 585 nm as ac erium(IV) ion-bound iron(III)-peroxo species( 1-Ce 4 + ); we have shown previously that the Zn 2 + ion in 1-Zn 2 + can be replaced by redox-inactivem etal ions with ag reater Lewis acidity and the Lewis acidity of the Ce 4 + ion is higher than that of the Zn 2 + ion.
In sharpc ontrastt ot he result of 1-Zn 2 + (i.e.,n oH 2 Oa dded), addition of one equivalent of CAN to the solution of 1-Zn 2 + -(OH 2 ) 2 ,w hich was preparedb ya dding 1.4 m of H 2 Ot o 1-Zn 2 + ,caused the immediate disappearance of the absorption band at (715 AE 5) nm due to 1-Zn www.chemeurj.org mation).
[9b] In this case, the releaseo fO 2 was detected by GC and mass spectrometry ((83 AE 5) %y ield based on 1-Zn 2 + used; see Experimental Section in the Supporting Information), showingt hat 1-Zn 2 + -(OH 2 ) 2 was oxidized by CAN to produce O 2 and the Fe II complex, as reported previously in the reactions of 1-Ca 2 + and 1-Sr 2 + .
[9b] To confirm the source of O 2 , 18 O-labeled 1-Zn 2 + -(OH 2 ) 2 complex was prepareda nd allowed to react with CAN. The resultingm ass spectra in Figure 4b clearly show the evolution of 18 O 2 ,d emonstrating unambiguously that the 18 O-labeled 1-Zn 2 + -(OH 2 ) 2 complex released its binding 18 O 2 by the oxidation with CAN (Scheme 1, note 3).
The electron-transfer reduction of 1-Zn 2 + in the absence and presence of H 2 Ow as also examined by using 1,1'-dimethylferrocene (Me 2 Fc) as ar eductant. Electron transfer from Me 2 Fc to 1-Zn 2 + in the absence of H 2 Or esulted in the formation of [(TMC)Fe IV (O)] 2 + (2)v ia heterolytic OÀOb ond cleavage of the peroxidel igand (see Figure S14 in the Supporting Information). [9, 10, 15] The rate of electron transfer obeyed first-order kinetics and the pseudo-first-order rate constant increased linearly with the increase of the Me 2 Fc concentration.T he secondorder rate constant (k et )o fe lectron transfer wasd eterminedt o be 23(2) m À1 s À1 (see Figure S14a in the Supporting Information). The k et value decreased with increasing the H 2 Oc oncentration (Figure 5a nd FigureS15 in the Supporting Information); [9] the k et value determined in the presence of 2.8 m of H 2 Ow as approximately 50 times smaller than that determined in the absence of H 2 O. It should be noted that no reactionb etween 1 and Me 2 Fc occurred without Zn 2 + ion in the absence and presence of H 2 O. These results clearly indicate that the rate of the one-electronr eductiono f1-Zn 2 + depends on the H 2 Oc oncentration in solution. These results are also in line with our previous observation that the one-electron reduction of 1-M n + dependso nt he Lewis acidity of the M n + ion; [9b] the OÀOb ond cleavage of 1-Zn 2 + slows down as the Lewis acidity of the Zn 2 + ioni n1-Zn 2 + decreases by coordinating water molecules (Scheme 1, note4 ).
In conclusion, we have demonstrated the significant effect of water molecules on the redox properties and reactivities of an onheme iron(III)-peroxo complex binding redox-inactive Zn 2 + ion (1-Zn 2 + ;S cheme 1). We have interpreted these results with the change of the Lewis acidity of the Zn 2 + ion owing to the coordination of water moleculest ot he Zn 2 + ion in 1-Zn 2 + . The present resultss uggestt hat water molecules at the active sites of metalloenzymes play important roles in fine-tuning of the redox properties of metal-oxygenintermediates.
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